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ABSTRACT 
A two-dimensional a.xia.lly symmetric computer model was used to study downwash-induced fog clear-
ings. In order to produce a clearing the helicopter downwash must reach the ground while the helicopter 
hovers at or above the top of the fog. The major factors affecting the size and penetration of the downwash 
are the strength of the helicopter and the buoyancy of the downwash. The clearing can be enlarged beyond 
the size of the primary downwash by surface-induced divergence and by mixing of dry air into the fog. 
1. Introduction 
A number of field experiments (Plank et al., 1970a, 
1971) have shown that helicopters are often capable 
of producing limited clearings in thin fogs. Although 
considerable effort has been expended in field tests, 
very little work has been done to extend the field 
results by numerical modeling. This study is an at-
tempt to investigate the creation of fog clearings by 
downwash using a two-dimensional numerical model. 
2. Model description 
The numerical model used for this study is an 
adaptation of the warm precipitation version of the 
RAND cumulus dynamics model (Murray, 1971; 
Murray and Koenig, 1972). The model is two-dimen-
sional and utilizes axial symmetry. 
The Boussinesq approximation forms of the equa-
tion of motion and the continuity equation are the 





Variables undefined in the text are defined in the 
appendix. Buoyancy 
(
T' B=g -"--q.) 
T.m 
(3) 
depends on the departure of virtual temperature from 
its basic state and the weight of suspended mass 
1 Present affiliation: Department of the Geophysical Sciences, 
The University of Chicago. 
(i.e., liquid water). The term F is the mechanical 
forcing generated by the helicopter. 
Combination of (2) and the curl of (1) in a cylin-
drical coordinate system (assuming axial symmetry 
and no rotation about the symmetric axis) yields the 
vorticity tendency equation: 
il11 [ a a J ilB 
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Horizontal and vertical components of the wind 
field are defined in terms of the Stokes streamfunc-
tion 'It, where 
u = _: il'\It) 
r oz 




which is related to the tangential component of 
vorticity 
11 =-(ow _au)= -~[r~(~ aw)+ 82'\It]· (6) 
or oz r or r or oz2 
Assuming that the velocity field, and consequently 
the vorticity field, does not change with time in the 
immediate vicinity of the helicopter allows simple 
treatment of this region. For vorticity to be invariant 
in the region of the helicopter (defined as extending 
from the flight level to 30 m below), the vorticity 







must exactly balance the loss due to the other terms 
in (4). Therefore, once the vorticity field corresponding 
to a given helicopter is established, its value is main-
tained constant in the region near the helicopter. 
Outside the region of constrained vorticity the source 
term vanishes and the vorticity balance depends on 
the remaining terms in (4). 




where QH is the heat released by the helicopter engine 
and C the rate of condensation. From conservation 
of energy, QH is defined as 
QH= (1-E)S1G/V, (9) 
where E is the engine efficiency, 51 the fuel con-
sumption rate, G the heat of combustion, and V the 
volume of air affected by the heat increase. 
Water is partitioned into vapor and suspended 
cloud liquid. The governing equations for the con-






Here S. is the moisture source resulting from the 
combustion of fuel, i.e., 
S.=(~)(°~} (12) 
where 
and 'Y is the quantity of water vapor produced per 
gram of fuel during combustion. 
As derived by Murray (1970), the condensation 
rate is defined by 














TEMPERATURE IN °C 
FIG. 1. Initial temperature and dew point soundings. 
3. Boundary and initial conditions 
The numerical model treats the computations at 
the centerline as though they have axial symmetry. 
The remaining limits of the computational domain are 
treated as rigid, free-slip boundaries. The modeled 
volume for a 10 m grid spacing is a cylinder 350 m 
radius and 500 m in height. 
The region constrained to conform to strong jet-like 
:flow included those grid points which were within two 
mesh lengths below the helicopter and two mesh 
lengths from the helicopter's centerline. The vorticity 
field which corresponds to jet-like flow is one with 
large magnitudes of vorticity along the zone of shear 
between the jet and its environment. In the model, 
this zone of shear was taken to be located one grid 
mesh from the centerline of the helicopter. Conse-
quently, jet-like flow was maintained by constraining 
the zone of shear to appropriately large values of 
vorticity, and by constraining the upstream points 
to small values of vorticity. 
Initially, the air is assumed at rest and horizontally 
homogeneous. Liquid water is introduced at the lower 
levels of the model to simulate fog. Fig. 1 illustrates 
three typical initial temperature and dew point sound-
ings for the model domain. Sounding B was adapted 
from an observed fog sounding (Plank et al., 1970b), 
while soundings A and C were designed to examine 
the effect of modifying the stability within the fog. 
For each of these cases the initial liquid water con-
tent was constant at 0.2 g kg-1 throughout the fog. 
a. Flow fields computed using model 
Hover-state parameters as indicated by Table 1 
were used to design the heat, water and momentum 
impulses required for the simulation of CH-46 and 
CH-53 helicopters. Examples of the clear air flow 
:fields generated by the two helicopters after 1 min of 
hover time are shown in Fig. 2. 
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FIG. 2. Flow generated by CH-46 and CH-53 helicopters at a 
flight level of 370 m. Isotachs are labeled in meters per second. 
Fig. 3 illustrates the flow field resulting when the 
downwash created by the perturbation used in Fig. 2 
reaches the model's lower boundary. The induced air 
motion rapidly decreases in magnitude above the 
helicopter and away from the centerline of the model. 
In the vicinity of the top and side boundaries, the 
motion never exceeds a few centimeters per second. 
The low air velocity and the short duration of the 
experiments (S min) tend to minimize the possible 
influence of these boundaries. In order to illustrate 
the wide range of air velocities, all model cross sec-
TABLE 1. Helicopter hover-state paramete1s (from 




Rotor diameter (m) 
Mass flux of air across rotor(s) (kg s-1) 
Maximum downwash velocity (m s-1) 
Average fuel consumption rate (gm s-1) 
a) normal cruise condition 
b) free-air hover condition 
Fuel** 
Assumed engine efficiency 





















** During combustion each gram of fuel produces 10,220 cal 
of heat and 1.27 g of water vapor. 
tions are drawn with logarithmically scaled wind 
vectors. 
Specification of the eddy exchange coefficients is 
difficult, particularly in the region of the helicopter 
downwash where conditions are neither typical of 
those in fogs nor fully like those near helicopters. 
Beneath the helicopter, warm air is forced to the 
surface creating rapid changes in the static stability 
which should be reflected by changes in the eddy 
exchange coefficients. Fortunately, however, small 
changes in the eddy exchange coefficients have only 
minimal effects. An order-of-magnitude change in the 
coefficients is required to modify the results signifi-
cantly. A series of experiments were run varying the 
eddy viscosity (vm) and comparing the downwash 
velocities along the model centerline to the observed 
downwash profiles of Plank and Spatola (1969). An 
eddy viscosity of S m2 s-1 produced the least overall 
error (see Fig. 4). The maximum downwash velocities 
near the helicopter are slightly underestimated, while 
the velocities further beneath the helicopter are 
slightly overestimated. Once the eddy viscosity was 
TABLE 2. Clearing radius as a function of hover altitude and time 














Clearing radius (m) 
1 min 2 min 3 min 4 min 5 min 
0 0 0 0 0 
0 65 60 50 45 
45 55 65 125 115 
25 35 50 80 170 
15 30 60 80 105 
45 65 65 55 50 
50 65 80 110 100 
45 55 60 110 175 
25 35 70 95 165 
15 40 80 95 125 
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FIG. 3. Flow generated:by a CH-46 helicopter at a flight level of 90 m. Isotachs 
are labeled in meters per second. 
specified, the eddy diffusivity was selected to give 
an inverse Prandtl number (vHvm-1) of 0.4, similar to 
that observed for relatively stable nighttime condi-
tions (Munn, 1966). Identical values are used for the 
eddy diffusion coefficients for temperature, water vapor 
and liquid water. 
b. Effect of helicopter height and downwash strength on 
clearing 
Table 2 presents a summary of a series of experi-
ments in which the altitude and strength of the heli-
copter were varied. The initial conditions used for 
this series of experiments are summarized in Fig. 1 
(sounding B). The size of a given clearing is defined 














~ 5 300 
> 
CH-53 
simulations, a flight level of 210 m ("-'100 m above 
the fog) resulted in the largest clearing during the 
first 4 min; whereas a flight level of 130 m ( "-'30 m 
above the fog) eventually resulted in the largest 
clearing. During the CH-53 simulations, a similar 
pattern occurred. While a flight level of 290 m resulted 
in the largest clearing during the first 4 min, a flight 
level of 210 m eventually resulted in the largest clear-
ing. In some cases the clearing began to decrease in 
size after 2--4 min. This "closing in" of the fog was 
due to the development of an organized counter-
circulation near the clearing boundary. 
In general, a low helicopter flight level will produce 
flow similar to that shown in Fig. 5, undercutting 
the fog, but not producing effective clearings. In some 
cases a breakthrough occurs to produce a dramatic 
10 15 20 25 30 
VELOCITY ALONG CENTERLINE OF OOWNWASH [m sec·•] 
FIG. 4. Computed:velocity along the downwash axis for several values of eddy viscosity 
(vm) compared with an observed profile from Plank and Spatola (1964). 
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FIG. 5. Example of downwash-induced clearing after 2 min 
(a) and 4 min (b), for a CH-46 helicopter hovering at 90 m. 
Velocity vectors are drawn for every third grid point. 
clearing after 3-4 min (see Fig. 6). Perhaps the most 
useful clearings are produced by a relatively narrow 
range of hover altitudes which allow the primary 
downwash to reach the ground with sufficient force 
to be broadened by the surface induced divergence, 
but which do not produce major undercutting. While 
not producing a dramatic breakthrough, this method 
of clearing quickly forms a moderate sized opening 
in the fog. As the helicopter height is increased, the 
size of clearing produced reduces until the helicopter 
wake is too weak to penetrate the fog (see Fig. 7). 
For the lower helicopter heights summarized in 
Table 2, the clearing produced by the two helicopters 
are almost indentical with the stronger downwash 
producing openings of slightly larger diameter. Heli-
copter heights near the upper limit for fog penetra-
tion show considerably more differences with the 
stronger downwash being able to produce clearings 
from greater altitudes. 
c. Effect of helicopter engine heating on clearing 
Heat produced by jet engines has been investigated 
as a means of dissipating fog (Appleman and Coons, 
1970). Three experiments were performed which in-
cluded source terms for heat and water vapor produced 
by the helicopter engines. In one experiment, all 
heating was suppressed; in the second, normal engine 
heating was included; and in the third, engine heating 
was increased by a factor of 6. The initial conditions 
for these experiments are given in Fig. 1 (sounding B). 
In the case of normal engine heating, the virtual 
temperature directly below the helicopter was 0.9°C 
warmer than the case with no engine heating. In-
creasing the engine heating by a factor of 6 caused 
a rise of 4.0°C over the case without engine heating. 
The results of these runs show decreasing effective-
ness as engine heating is increased (see Fig. 8). Al-
though the heated downwash would be more effective 
when mixed with the fog, the increase in buoyancy 
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FIG. 6. Example of the clearing produced by a CH-46 helicopter 
hovering at 130 m after 4 min (a) and 5 min (b). 
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Fm. 7. Examples of downwash-induced clearings by a CH-46 
helicopter hovering at 290 m (a) and 370 m (b). 
due to the added heat restricts the downward and 
horizontal penetration of the downwash, and in this 
case, results in less effective clearings. 
d. Ejf ect of stability on clearing 
Three experiments were run to test the role of 
atmospheric stability within a fog on the helicopter's 
ability to produce a clearing. For these experiments 
the lapse rate ranged from isothermal to a 10°C in-
version (see Fig. 1). In each case the fog contained 
an initial liquid water content of 0.2 g kg-1• In these 
experiments increasing the atmospheric stability de-
creases the size of the clearing (see Fig. 9). The 
buoyancy of a parcel of air being displaced downward 
in the helicopter wake increases with increasing sta-
bility. This increased buoyancy restricts the penetra-
tion of the downwash and results in smaller clearings 
than predicted for less stable conditions. The effect 
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FIG. 8. Clearing produced by a CH-46 helicopter without engine 
heating (a), with normal engine heating (b), and with six times 
normal engine heating (c). 
engine heating of the downwash in that the buoyancy 
of the downwash was enhanced in both cases. 
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FIG. 9. Clearings produced in an isothermal fog layer (a) 
[Fig. 1, sounding A], a fog with a 2.5°C temperature increase 
from base to top (b) [sounding BJ, and a fog having a 10°C 
temperature increase from base to top (c) [sounding CJ. 
e. Effect of fog liquid water content on clearing 
A series of experiments were performed to investigate 
the effect of the fog's liquid water content on clearing. 
The initail thickness of the fog was the same in each 
experiment, but during the course of the experiment 
the fogs with higher liquid water content diffused 
into the surrounding air, and resulted in slightly 
deeper fogs. In each case the initial temperature and 
moisture profiles were given by sounding B of Fig. 1. 
The experiments show that, although the major 
features of the clearing remain essentially the same, 
difficulty of clearing increases with liquid water con-
tent. The increased liquid water content tends to slow 
the enlargement of the clearing beyond the basic 
dimensions of the downwash by increasing the volume 
of dry air which must be mixed into the fog to evapo-
rate the liquid water. 
f. Effect off og depth on clearing 
Three experiments were conducted to examine the 
effect of fog depth on clearing. Except for the depth 
of the fog and height of the inversion, the initial 
conditions used for the experiments were identical. 
In each case a 2.5°C inversion was introduced be-
tween the surface and the top of the fog layer. The 
helicopter was maintained at 210 m while the fog 
depth was varied from 95 to 200 m and finally 300 m. 
The 200 m fog was especially difficult to clear effec-
tively since the broadening of the primary downwash 
by the surface could not extend all the way to the 
fog top (see Fig. 10). The clearing illustrated by 
Fig. 10 is of additional interest in that the diameter 
of clearing at the surface is wider than observed in 
a similar experiment with a shallower fog. The greater 
penetration was caused by a combination of evapo-
rative cooling in the downwash and decreased stability 
in the fog layer. In the final case, a 300 m fog, the 
helicopter hovered within the fog and merely stirred 
the fog without producing a useful clearing. 
g. Effect of downwash on a dust cloud 
In order to determine the importance of fog droplet 
evaporation through mixing of dry air into foggy air, 
TIME = 5.1 
ABB 
FIG. 10. Clearing produced in a 200 m deep fog after 5 min. 
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FIG. 11. Clearing produced after 4 min in a dust cloud with 
no evaporation (a) and a comparable fog having an initial liquid 
water content of 0.2 g kg-1 (b). 
the effect of advection alone must be considered. In 
order to make this comparison, one of the experiments 
was rerun while modifying the thermodynamic equa-
tion to simulate a dust cloud instead of a fog. A com-
parison of the results of these experiments (Fig. 11) 
shows that mixing of dry air into foggy air as a means 
of subsaturating the air can be an important process 
in extending the size of the clearing. In the dust cloud, 
the clearing radius was equal to the down wash radius; 
whereas in the fog, the clearing radius reached nearly 
twice that of the downwash. 
5. Discussion 
While it is often dangerous to generalize from a 
limited series of experiments, the computer results do 
tend to delineate the major factors affecting the 
production of fog clearings by helicopters. In order to 
produce any clearing the helicopter must have a down-
wash which is sufficiently strong to reach the ground 
while hovering at or above the fog top. The major 
factors affecting the size and penetration of the down-
wash are the size and type of helicopter and the buoy-
ancy of the downwash. The penetrative ability of 
the downwash is greatly diminished as its temper-
ature relative to the surrounding air increases. This is 
true whether the increase is the result of engine heat 
or atmospheric stability. Evaporation of fog in the 
downwash can reduce its buoyancy and increase 
penetration. 
The initial clearing can be enlarged beyond the 
size of the primary downwash by surface-induced 
divergence and by mixing dry air into the fog. Both 
of these processes operate most effectively with thin 
fogs. Engine heating of the downwash increases the 
drying ability of the downwash but also reduces its 
downward penetration. 
Clearing production is less effective with deep fogs 
or fogs having high liquid water content. The initial 
"hole" produced by the downwash is only slightly 
affected, but enlargement of this hole by mixing is 
more difficult. While reducing the effectivenes of 
mixing, the higher liquid water contents can increase 
evaporative cooling in the downwash and increase 
penetration. 
The most dramatic clearings produced in this study 
occurred when the helicopter was relatively low, 
undercut the fog, and eventually dissipated the 
undercut section. This type of clearing takes a long 
time to break through and it is unknown whether 
such a clearing could actually be produced since 
ambient winds are likely to disguise and suppress 
this long-term effect. 
APPENDIX 
Symbols Not Defined in Text 
Cp specific heat of dry air at constant pressure 
Cpv specific heat of water vapor at constant pressure 
Cw specific heat of liquid water 
g acceleration due to gravity 
k vertical unit vector 
L latent heat of condensation 
p' departure of air pressure from its value at initial 
time for the given altitude 
q 0 mixing ratio of suspended water to dry air 
q. saturation value of q. 
q. mixing ratio of water vapor to dry air 
Ra gas constant for dry air 
r radial coordinate 
T temperature 
T temperature at a given altitude at initial time 
T' departure of temperature from its value at ini-
tial time for the given altitude 
Tv' departure of virtual temperature from its value 
at initial time for the given altitude 
Tvm mean value of virtual temperature at initial time 
over the whole region 
time 










radial component of wind 
velocity of air parcel 
vertical component of wind 
vertical coordinate 
ratio of molecular weights of water vapor and 
dry air 
azimuthal component of vorticity 
eddy diffusion coefficient for momentum 
eddy diffusion coefficient for temperature 
eddy diffusion coefficient for water vapor 
eddy diffusion coefficient for cloud water 
air density 
water vapor density due to combustion 
mean value of air density at initial time 
density of dry air at a given altitude at initial 
time 
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